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A B S T R A C T
The sensitization of austenitic stainless steels is dependent on various factors such as chemical composition, heat
treatment temperature and time. To study these effects, the degree of sensitization in five austenitic stainless
steel compositions that were subjected to isothermal heat treatments in the temperature range 550–820 °C has
been determined using double loop electrochemical potentiokinetic reactivation testing. The nucleation and
growth of grain boundary M23C6 carbides, that are responsible for sensitization, has been modelled with the help
of the precipitation and diffusion modules in Thermo-Calc, assuming local multicomponent equilibrium, flux
balance at the carbide-matrix interface, to quantitatively predict the Cr depletion. Based on the Cr depletion
characteristics, a depletion parameter has been established that can predict sensitization in austenitic stainless
steels and predict the effects of individual alloying elements.
1. Introduction
Austenitic stainless steels are prone to sensitization due to the for-
mation of chromium carbides and corresponding Cr depleted zones.
Bain et al. [1] was the first to observe that, during heat treatment of
austenitic stainless steels in the temperature range 500−900 °C, chro-
mium carbides precipitate along the grain boundaries. As the diffusivity
of C is higher, C diffuses rapidly and all the C within an austenite grain
is readily available for a growing grain boundary carbide, while Cr
diffuses relatively slowly and is initially be drawn from the austenite
adjacent to the carbide. This causes the Cr content of the austenite
surrounding the carbides to initially drop below a level that is critical
(12 % by wt.) with regard to corrosion resistance [2]. As the carbides
are formed preferentially along the grain boundaries, this instigates
intergranular corrosion. The depletion is controlled by two factors: one
is the thermodynamics of the M23C6 formation and the other is the
difference in the diffusivities of Cr and C. The formation of carbides
occurs at temperatures where they are thermodynamically stable and
where the diffusivity of Cr is sufficient for their nucleation and growth.
The thermodynamics of carbide precipitation depends on the solubility
of carbon at that particular temperature. This solubility of C depends on
the bulk composition and these are precited using empirical relation-
ships [3,4]. No Cr depletion below the critical level is observed at
temperatures where the thermodynamics favors the formation of M23C6
carbide but the Cr diffusion is very rapid. Therefore, sensitization oc-
curs in a relatively narrow temperature range.
Though sensitization depends on Cr depletion, previous studies
show that the degree of sensitization measured from the electro-
chemical testing depends not only on the C and Cr concentrations but
also on other variables including grain size [5–7], prior deformation [8]
and the concentrations of other alloying elements [9,10]. Experimental
quantification of sensitization and the understanding of the effects of
different variables like time, temperature, grain size, strain, alloying
elements on the magnitude of the sensitization has been widely studied
[11–14].
The dependence of sensitization on the chemical composition of the
material and particularly C content has been studied by many re-
searchers. The predictions for the time required to develop sensitization
using composition-based correlations were done by several researchers.
The effective chromium content (Creff) was calculated by giving proper
weightage to each element according to its influence on the sensitiza-
tion kinetics. This concept of effective chromium is originated by Cihal
[15] and was well developed by Fullman [16]. With an increase in the
bulk C content, the time required for sensitization decreases abruptly.
Cihal proposed empirical relations involving elemental parameters to
define effective Cr and C concentrations. In Fullman’s work, this was
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done by analyzing the thermodynamics of the precipitation of M23C6
carbides in the austenite matrix. He proposed effective chromium
content Creff parameter that includes the effects of major alloying ele-
ments on the Intergranular Stress Corrosion Cracking (IGSCC) sus-
ceptibility which agreed well with that of Cihal’s parameters.
Bruemmer studied the effect of composition with the help of a large
database of temperature - time - sensitization (TTS) curves [17]. He
predicted the time needed for sensitization to occur by modifying Ci-
hal’s elemental parameters to give the following Composite Cr con-
centration (Cr*)= +Cr Cr Mo Ni C1.6 0.2 100* (1)
Parvathavarthini [18] explained sensitization kinetics in austenitic
stainless steels by further modifying the Composite Cr to effective
chromium content Creff= + ++ + + +Cr Cr Mo Ni C Mn Si AlCo Cu Ti V W N1.45 0.19 100 0.13 0.22 0.510.20 0.01 0.61 0.34 0.22 9.2eff (2)
In all of the above works, the compositional effects were established
by empirical or semi-empirical relations. They did not involve the nu-
merical prediction of the nucleation and growth of M23C6 carbides on
the grain boundaries.
There are works on numerical prediction of Cr depletion profiles
across the interface between M23C6 carbide and austenite matrix
[19–23]. All of them either did not consider multicomponent diffusion
or quantification with respect to experimentally measured sensitization
values. Also, these works did not study the effect of composition var-
iation on the Cr depletion characteristics and thereby sensitization.
Following the approach used earlier by the author [24,25], the present
work aims at predicting the effects of chemical composition on sensi-
tization by simulating the nucleation and growth of M23C6 carbides and
Cr depletion profile characteristics. The nucleation of carbides was si-
mulated using TC-Prisma and growth using TC-DICTRA software which
takes into account multicomponent diffusion effects.
2. Experiments and methodology
2.1. Materials
The investigated materials were 3mm thick commercial 301 aus-
tenitic stainless steels provided by Outokumpu Stainless Oy, Tornio,
Finland. Their chemical compositions are given in Table 1. The suffixes
HiC, HiCr & LC indicate High carbon, High chromium and Low carbon
alloys respectively.
The alloys vary from 6.72 to 15.89 values of Creff, which represents
low to higher sensitization resistance according to Bruemmer and
Parvathavarthini [2,18] and is the motive to choose these alloys. All
materials were homogenized by solution treatment at 1100 °C for 2 h
followed by water quenching. To induce different degrees of sensiti-
zation, the homogenized material was then subjected to the heat
treatments shown in Table 2.
2.2. Methods
All the sample conditions were subjected to double loop electro-
chemical potentiokinetic reactivation test testing to determine the
degree of sensitization (DOS). The test has been performed according to
the standard EN ISO 12732 [26]. The standard describes the limits of
DOS values corresponding to highly sensitized, slightly sensitized and
unsensitized material. The DOS obtained from this test is not sensitive
to surface finish, hence samples were polished to a 600-grit surface
finish. The test involves two polarization scans in opposite directions,
where the forward anodic polarization scan causes the dissolution of all
the surface irregularities and forms a passive film on the surface of the
specimen. After establishing this passive film, the polarization scan in
the reverse direction attacks the passive layer with dissolution occur-
ring predominantly at chromium depleted regions that are susceptible
to corrosion and this produces a reaction current peak [27]. This re-
activation corrosion current density is a measure of the extent of Cr
depletion at the grain boundaries [28]. The DOS value is the ratio of the
reaction current density to the activation current density and is thus a
measure of the ranges of sensitization in the material. The tests were
conducted using VersaStat 3 potentiostat and standard solution 0.5M
H2SO4 + 0.01M KSCN was used as the test medium. A scan rate of 6 V/
h was used and the tests were performed at ambient temperature. Each
of the tests was performed thrice. Both mean DOS and standard errors
are recorded.
This test gives the degree of sensitization as a percentage which was
normalized with respect to the smallest grain sized sample used in this
study, i.e. 72 μm (1.4310HiC). Normalizing DOS this way compensates
the effect of grain size on the reactivation peak current (Ir), through the
length of the grain boundary [29]. Normalized degree of sensitization
(NDOS) = (Ir / Ia)×(GS/72), where Ir is the maximum current for the
reactivation loop (μA. cm−2), Ia is the maximum current for the anodic
loop (μA. cm−2) and GS is the average grain size of the specimen (μm).
The relative normalized values of DOS describe the depletion effects
across the grain boundaries better, by compensating the effect of grain
size on the total length of grain boundary in the tested specimen area.
A scanning transmission electron microscope (JOEL JEM-2200FS
EFTEM/STEM) with an accelerating voltage of 200 kV was used in
transmission and scanning transmission modes for the detailed ob-
servation of grain boundary precipitates and Cr concentrations. To
prepare thin foils for the STEM studies, a FEI Helios Dual Beam
Focussed Ion Beam (FIB) system was used with an accelerating voltage
of 30 kV and beam currents in the range 90 pA to 9 nA. The FIB lamellae
were then thinned and polished with an ion beam.
The precipitation module in Thermo-Calc, TC-Prisma [30], was used
to estimate the nucleation times ( ) for the formation of M23C6 carbides.
TC-Prisma implements the Kampmann-Wagner numerical method
based on the Langer-Schwartz theory for the concurrent nucleation and
growth of precipitate phases [31,32]. The interfacial energies, driving
forces and the mobilities that are needed for the simulations are ob-
tained from the thermodynamic and mobility databases TCFE7 and
MOBFE2. The energy of the M23C6 - austenite interface is obtained as a
function of temperature with the help of a modified Becker’s model
[31–33]. The calculated values were in the range 0.1−0.2 J/m2, which
are similar to others reported in the literature [34,35]. The molar vo-
lumes of phases were calculated on the basis of work by Qiu and Frisk
[36,37].
The time dependent nucleation rate J t( ) is given by the extension of
classical nucleation theory (CNT) for modeling nucleation in a multi-
component alloy system [38]. The incubation or nucleation time for an
Table 1
Chemical compositions (wt.%) of all the alloy grades considered.
Steel grade C Cr Ni Si N Creff
1.4310HiC 0.10 16.80 6.36 0.95 0.06 6.72
1.4301HiCr 0.05 18.10 9.07 0.44 0.03 12.35
1.4303HiCr 0.04 18.14 12.39 0.45 0.03 12.35
1.4307LC 0.02 18.12 8.08 0.37 0.05 15.40
1.4318LC 0.02 17.58 6.67 0.43 0.16 15.89
Table 2
Heat treatments to induce different levels of sensitization.
Steel grade Heat treatment temperature (°C) Holding time (h)
1.4310HiC 600, 650, 700, 760, 820 3,6,10,24,48,120,168
1.4301HiCr 600, 700, 820 3,10,24,48,120,168,240
1.4303HiCr 600, 700, 820 3,10,24,48,120,168,240,480
1.4307LC 550, 600, 700, 820 3,10,24,48,120,168,240,480
1.4318LC 550, 600, 700, 820 3,10,24,48,120,168,240,480
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isothermal reaction is given by [39]
=
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Z is the Zeldovich factor, * is the rate at which atoms or molecules
are attached to the critical nucleus,
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a is the lattice parameter, Xi and Xi are the mole fractions of element i
at the interface in the precipitate ( ) and matrix ( ) respectively, k
denotes the number of components, Di is the corresponding diffusion
coefficient in the matrix, r* is the critical radius and is given by
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is the interfacial energy, Vm is the molar volume of the matrix phase,
G* is the Gibbs energy of formation of the critical nucleus,
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Fig. 1. NDOS values of all the sample conditions (measured from DL-EPR tests and predicted from the model discussed in later sections).
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The number of nucleating sites for the precipitation on grain
boundaries is calculated from the density of grain boundary area [40].
The shape and size of the grains in the matrix control the number of
nucleation sites available for precipitation. To calculate the available
nucleation sites, it was assumed that all the grains are tetra-
kaidekahedra and that the grain boundary thickness is one atomic
layer.
It was assumed that the growth of the M23C6 carbide starts after the
nucleation time τ. The growth was simulated using the diffusion
module in ThermoCalc, DICTRA [41]. The substitutional elements have
much higher mobility along the grain boundaries than through the
austenite matrix [42] and the grain boundaries are, therefore, expected
to act as collector plates for the substitutional atoms delivering them to
the grain boundary precipitates with a negligible concentration gra-
dient in the grain boundary. Therefore, the diffusion and growth pro-
blem can be reduced to one dimension by assuming that the M23C6
covers the grain boundary and grows behind a planar austenite - car-
bide interface. The DICTRA simulations are based on a numerical so-
lution of multicomponent diffusion equations that assume local equi-
librium at the matrix-carbide interface [41]. As suggested by Sourmail
[41] and also employed by Kolli et al. [25], the effect of soft-im-
pingement is taken into account by considering the appropriate width
of austenite from which carbon can be withdrawn as one sixth of the
average grain size.
3. Experimental results
3.1. Degree of sensitization
The normalized degree of sensitization (NDOS) values for all the
sample conditions obtained from DL-EPR test can be seen in Fig. 1. In
the considered amount of time for heat treatments, NDOS is higher in
1.4310HiC compositions. Peak DOS was observed after 120 h of heat
treatment at 700 °C in 1.4310HiC alloy. In both 1.4301HiC, 1.4303HiCr
alloys, higher DOS and an equivalent amount of peak NDOS was ob-
served at 700 °C. The observed NDOS values are lower in 1.4307LC and
1.4318LC, owing to their lower amount of carbon content. Sensitization
and self-healing had been observed only in the case of 1.4310HiC at
820 °C. For the alloys 1.4307LC and 1.4318LC, no sensitization was
observed at 700 °C even after 20 days of heat treatment. As Creff sug-
gests the effective Cr concentration in the steel, the higher the value of
Creff, the higher is the corrosion resistance in the alloy. From the
Table 1, 1.4310HiC has least Creff and thereby lower corrosion re-
sistance that is evident from the DL-EPR tests results in Fig. 1. 1.4318LC
has higher Creff, and thereby higher corrosion resistance.
3.2. Precipitates and chromium depletion
Sensitized microstructures have already been well characterized
[43,44]. The M23C6 precipitates responsible for sensitization mainly
occurs on random high-angle grain boundaries with sizes and spacings
that depend on the boundary in question. In this work, M23C6 carbides
were identified in different sample conditions and the Cr concentration
profiles (Cr depleted regions) across the M23C6 carbide - austenite
matrix were measured using energy dispersive spectroscopy (EDS) in
STEM.
Transmission electron microscopy studies were conducted on the
samples that are sensitized and self-healed. Intergranular M23C6 car-
bides are observed and can be seen in the Figs. 2–4. In Fig. 2(a) STEM
image of sample condition 1.4310HiC −700 °C −120 h is presented.
Along with the grain boundary precipitates, precipitates are identified
inside the grains (intragranular precipitates). Fig. 2(b) shows the EDS
mapping of Cr for Fig. 2(a). The spot analysis on the precipitates reveal
them to be M23C6 carbides. Fig. 2(c) shows the STEM image of in-
tragranular M23C6 carbide and corresponding EDS mapping of Cr in
Fig. 2(d). To observe the Cr concentration profiles across the carbide-
matrix interface, line analysis has been done. The Cr concentration
profiles shown by red lines in Fig. 2(b), (d) can be seen in Fig. 2(e), (f)
respectively. Cr depletion has been detected in both the cases. In the
case of grain boundary M23C6 carbide - austenite matrix interface, Cr
fell below critical 12 % by wt. that is required for corrosion resistance.
This supports DL-EPR measurements of NDOS (Fig. 1(a)) indicating the
sample condition has been sensitized. In the case of intragranular
M23C6-austentite matrix interface, the Cr is well above the critical level
as evident from the Fig. 2(f).
The STEM image of the self-healed condition for the alloy
1.4310HiC is shown in Fig. 3(a) and the corresponding EDS mapping of
Cr in Fig. 3(b). M23C6 carbides are noticed along the grain boundaries.
The Cr concentration profile for the red line in Fig. 3(b) is plotted in
Fig. 3(c). From the Cr depletion across the M23C6 - austenite matrix
examinations it is clear that Cr did not go below the critical 12 % by wt.
Cr. Thus, supporting the DL-EPR measurements, which insists the
sample condition is completely self-healed.
Fig. 4(a), (c) show STEM images intergranular and intragranular
M23C6 carbides in the sample condition 1.4303HiCr - 700 °C - 360 h,
Fig. 4(b), (d) show the respective EDS mapping of Cr. Fig. 4(e), (f),
show the Cr concentration profiles along the red lines in Fig. 4(b), (d).
Similar to the observations in Figs. 2 and 3, Cr depletion was spotted
and Cr fell below 12 % by wt. critical Cr content and did not go below
critical 12 % by wt. across the intergranular and intragranular M23C6-
austenite interfaces respectively. The sample condition was sensitized
Fig. 2. (a, c) STEM micrographs (b, d) EDS mappings of Cr and (e, f) Cr con-
centration profiles along the red lines in (b, d) respectively for the sample
condition 1.4310HiC −700 °C–120 h. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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according to DL-EPR measurements and was supported by the observed
Cr concentration profile across grain boundary M23C6 - austenite matrix
interface. Likewise, in 1.4303HiCr −700 °C −168 h, the Cr depletion
below critical 12 % was observed only across the interface between
grain boundary M23C6 - austenite matrix interface.
No sensitization was observed for the alloys 1.4307LC, 1.4318LC at
700 °C according to DL-EPR tests. In these sample conditions STEM
measurements were made to verify the presence of M23C6 carbides and
respective depletion zones. The M23C6 carbides and the corresponding
Cr concentration profiles were observed. These indicate the presence of
M23C6 carbides and the absence of Cr depleted zones below 12 % cri-
tical Cr.
3.3. Modelling the nucleation and growth of carbides
The nucleation times for all the heat-treated conditions calculated
with TC-Prisma is given in Table 3. The nucleation times are higher at
lower temperatures in all of the alloys. It can be seen that the nucleation
time for grain boundary M23C6 carbides formation decreases with in-
crease in temperature and are readily formed at 820 °C. The growth
simulations are run after the nucleation times and the observed Cr
concentration profiles across the grain boundary M23C6 - austenite
matrix interface for chosen heat treatment conditions are shown in
Fig. 5.
With increase in temperature, the chromium concentration in the
austenite at the interface (Crint) increases. This is evident in all of the
alloys in the Fig. 5. In the case of 1.4310HiC, for a heat treatment time
of 120 h at 700 °C and 820 °C, the Crint increased from 6.49 to 12.62 wt.
% Cr.Wcrit is the effective width of chromium depleted zone at the grain
boundary that is determined by the critical chromium concentration
Crcrit [45]. It was found that 12.5 Cr (wt.%) is the most appropriate
value for considering as Crcrit following Kolli et al. [25] as will be
mentioned later. This Wcrit initially increases with time at a given
temperature and then decrease when the self-healing phase starts in the
material.
4. Discussion
In the sensitized microstructure, the chromium profiles are very
narrow and it is challenging to measure them using STEM due to the
possible inclination or curvature of the M23C6 - austenite matrix in-
terface or the grain boundary. However, the microstructures that were
sensitized have been well characterized [46,43]. The random high-
angle grain boundaries are the favorable sites for the precipitation of
M23C6 carbides. The size of the carbides varies from boundary to
boundary. The M23C6 precipitates and the corresponding interface
chromium concentration profiles in the severely sensitized sample
condition 1.4310HiC −700 °C–120 h in Fig. 2 indicate the depletion of
Cr below the critical 12 % and supporting the DL-EPR measurement.
The same was observed in Fig. 4 for the sample condition 1.4303HiCr -
700 °C - 360 h. Fig. 3, 1.4310HiC −820 °C −120 h, shows the self-
healed condition, where the Cr depletion did not below the critical level
12 % by wt. even in the presence of grain boundary M23C6 carbides due
to the back diffusion of chromium from the bulk austenite to the in-
terface with time.
To study the depletion characteristics, depletion parameter (DP)
from the authors previous work [25] was used and it was defined as
= >DP W Cr
W Cr
(12.5 Cr ) , 10.0
(12.5 10.0) , 10.0
crit int
crit int
int
(7)
where DP is measured in terms of nm.wt% i.e. using Wcrit values
Fig. 3. (a) STEM micrograph (b) EDS mappings of Cr and (c) Cr concentration
profiles along the red line in (b) for the sample condition 1.4310HiC
−820 °C–120 h. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
Fig. 4. (a, c) STEM micrographs (b, d) EDS mappings of Cr and (e, f) Cr con-
centration profiles along the red lines in (b, d) respectively for the sample
condition 1.4303HiCr −700 °C–360 h. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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defined by Crcrit = 12.5 wt.% and considering the minimum Crint to be
10 wt.%. This corresponds to the assumption that Cr contents below
10wt.% in the depleted zone have no extra effect on the tendency to
intergranular corrosion and DOS values. The observed statistical cor-
relations between measured NDOS, calculated DP resulted in a very
good fit with R2 value of 0.90 and can be seen in Fig. 6. The predicted
NDOS can be given by
= × ×NDOS DP DP(0.21 ) (0.0002 )predicted 2 (8)
where DP has the units (wt.%.nm). This inclusion of term bulk Cr, Cr*,
Creff in the model to predict NDOS did not help in increasing the cor-
relation for the fact that multicomponent diffusion has been considered
in the modeling. The Eq. 8 suggests the increase in NDOS prediction
with simultaneous increase in DP to some degree, and then saturates
with further rise in DP. The predicted NDOS values are plotted against
measured NDOS values in Fig. 1. The model predictions are largely in
agreement with the experimentally measured values. However, the
model over-predicted the NDOS values at lower temperatures as can be
Table 3
Calculated nucleation times in seconds for the formation of grain boundary
M23C6.
Alloy % C (wt.) Nucleation time (s)
550 °C 600 °C 700 °C 820 °C
1.4310HiC 0.10 – 4690 152 10
1.4301HiCr 0.04 – 4825 195 26
1.4303HiCr 0.04 – 3933 161 21
1.4307LC 0.02 58,833 8418 556 0
1.4318LC 0.02 85,108 13,032 1305 0
Fig. 5. Cr concentration profiles across the grain boundary carbide M23C6 - austenite matrix interface for all the alloy compositions considered for different iso-
thermal heat treatment conditions.
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seen in Fig. 1(d, e) for 550 °C. The measured values of NDOS in these
cases are very low, below 1 % NDOS and the very narrow chromium
depletions predicted might not have any significant effect on the sen-
sitization susceptibility.
4.1. Influence of chemical composition
Chromium and carbon are major compositional variables that con-
trol sensitization. However, other alloying elements can affect the
sensitization kinetics too through their influence on the activities of
carbon and chromium. Both the thermodynamics of M23C6 formation
and the kinetics of chromium diffusion control the development of
sensitized microstructure. The M23C6 carbides are generally thermo-
dynamically stable below 900 °C and chromium diffusion is sufficiently
rapid above 500 °C. The Time - Temperature - Precipitation (TTP)
diagrams indicate the kinetics of M23C6 formation.
Fig. 7 shows Time - Temperature - Precipitation (TTP) diagrams for
M23C6 on grain boundaries as calculated using the precipitation module
in Thermo-Calc. The lines in the diagrams show the time to precipitate a
volume fraction of 10−5. Fig. 7(a) shows the TTP diagrams for all the
steel grades considered in this work. The ‘C’ shape of the lines is due to
the opposing effects of driving force for precipitation, which increases
as the temperature decreases relative to the precipitate solvus, and the
diffusion, which decreases with decreasing temperature. The decrease
in carbon content from 1.4310HiC to 1.4318LC, shifts the TTP curve to
longer times, contracts it into a narrower temperature range, and moves
the nose of the curve to lower temperatures. Of course, elements other
than carbon vary in the alloys studied. To explore the effect of carbon
alone as well as the effects of the other alloying elements on the pre-
dicted precipitation kinetics, carbon, chromium and nickel were varied
while keeping all other elements at their level in the alloy 1.4310HiC,
see Fig. 7(b–d). As already indicated by Fig. 7(a), an increase in carbon
raises the driving force for precipitation causing the TTP curves to shift
to shorter times, raising the temperature at the nose of the curve, and
increasing the range of temperatures over which precipitation of M23C6
can occur. The effect of carbon on the temperature range over which
M23C6 can precipitate can be seen from the calculated phase diagrams
in Fig. 8. Fig. 7(c) shows that an increase in chromium content results in
the same trends as an increase in the carbon content as would be ex-
pected from the effects of carbon and chromium on the driving force for
precipitation. The same was observed in Fig. 7(d) by changing the
nickel in the alloy. Increasing the bulk nickel content decreases the
solubility of carbon and thereby increases the driving force for the
formation of M23C6 carbides. The same is shown in Fig. 8(c, d). The
Fig. 6. Variation of measured NDOS and predicted NDOS (function of DP).
Fig. 7. Time - Temperature - Precipitation diagrams. (a) all the steel grades considered. The other diagrams show the effects of varying (b) C (c) Cr and (d) Ni when
other elements are as they are in 1.4310HiC.
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mobilities of carbon and nickel are also increased with increase in
nickel content as is observed from the Thermo-Calc simulations. This
resulted in shifting the TTP curve to shorter times and moving the nose
to higher temperatures with an increase in nickel content. These TTP
diagrams provide a preliminary information about the nucleation be-
havior and the trends with changing alloy compositions and thus sig-
nifying the importance of nucleation time in the modeling of the sen-
sitization phenomenon.
4.2. Sensitization and self-healing kinetics
The model for predicting NDOS on the basis of the depletion para-
meter given earlier together with the precipitation and diffusion mod-
ules in Thermo-Calc can be used to predict the effects of individual
alloying elements when all the other elements are kept constant.
Fig. 9(a) shows the effect of carbon content on the sensitization and
self-healing behavior at 820 °C. As can be seen, the time to reach the
chromium depletion at the grain boundaries that causes 10 % NDOS
decreases with an increase in carbon content. A low concentration of
carbon in the austenite leads to slow M23C6 precipitation accompanied
by less chromium depletion. In the 1D model considered, low carbon
content means low carbon activity at the M23C6 - austenite interface
and thereby high chromium activity. Also, a decrease in austenite
carbon content decreases the mobility of chromium slightly, which
plays a role in the sensitization caused by long annealing times, as is
observed from the Thermo-Calc simulations. The peak NDOS is ob-
served to increase when carbon content increases from 0.07 to 0.12wt.
% but remains unchanged with further increases up to 0.20 wt.%. The
time to reach peak NDOS is predicted to increase up to 0.12 % C and
thereafter decrease with further increases in carbon up to 0.20 %. The
time to reach peak NDOS and thereby the chromium depletion at grain
boundary M23C6- austenite matrix depends on the amount of M23C6
precipitation, which depends on the temperature and also the chro-
mium diffusivity in the austenite matrix. Therefore, the trends in peak
NDOS and the times to reach peak NDOS might be different at different
temperatures than the 820 °C considered here. At a given temperature,
precipitation kinetics are slower with lower carbon content (Fig. 9(b)).
Lowering carbon content also decreases the diffusivity of chromium as
is observed from the Thermo-Calc simulations. The trends in the times
to reach peak NDOS are explained by the combined effects of the ‘C´
type behavior of the TTP curve and the effect of carbon on chromium
diffusivity. When the carbon content is less than 0.09, the formation of
thermodynamically stable M23C6 is the controlling step. This formation
of M23C6 becomes easier with increase in carbon content above 0.09
where chromium diffusivity becomes the limiting step.
The passivation characteristics of stainless steels are strongly af-
fected by the chromium content, and the time to reach the chromium
depletion at the grain boundaries that causes 10 % NDOS increases with
Fig. 8. Phase diagrams showing the effect of (a) chromium 12 % by wt. (b) 20 % by wt. and (c) nickel 4 % by wt. (d) 15 % by wt. on the solubility of carbon in
austenite calculated from Thermo-Calc when other elements are as they are in 1.4310HiC alloy.
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an increase in chromium content. These effects can be seen in the
predicted influence of chromium content on the degree of sensitization
shown in Fig. 9(b). Despite the fact that an increase in chromium ac-
celerates the precipitation of M23C6 by raising the driving force for its
precipitation, a higher level of chromium in the austenite hinders the
depletion of chromium below the critical level of 12 % at grain
boundary M23C6 - austenite matrix interface, even after relatively high
degrees of precipitation. Lower chromium content gives lower chro-
mium activity at the M23C6 - austenite interface, which results in
combinations of Crint and Wcrit that explain why NDOS values are pre-
dicted to decrease with an increase in the bulk chromium content. The
peak NDOS was predicted to be constant for 14–16 % chromium
thereafter declining up to 20 Cr. This is due to an increased back dif-
fusion of chromium from the bulk into the depleted regions as chro-
mium increases over the range 16–20 %. Back diffusion of chromium is
less effective in the case of 14–16 % Cr leading to higher predicted peak
NDOS values.
Nickel is an austenite stabilizer that needs to be increased to keep
austenite stable as chromium increases. The effect of Ni on the TTP
diagrams is visible from Fig. 7(d). Nickel decreases the solubility of
carbon as can be seen from Fig. 8(c, d), thereby affecting the pre-
cipitation of M23C6 and thus shifting the TTP curve towards shorter
times. An increase in Ni increases the mobility of chromium and carbon
in austenite as observed from the simulations and thereby affects the
depletion characteristics. An increase in nickel increases the NDOS at
any given time during sensitization as can be seen from Fig. 9(c) and
this can be attributed to the increased driving force for the formation of
M23C6 carbides. From the depletion characteristics point of view, nickel
increases the activity of carbon at the M23C6 carbide - austenite inter-
face and thereby decreases the chromium activity resulting in lower
Crint values and increased Wcrit with time. The peak NDOS increases
with increasing nickel content and can be related to the increased
mobilities of chromium and carbon in the austenite along with the in-
creased driving force for the formation of M23C6 carbides. The time to
attain the peak NDOS, i.e. the start of self-healing, is predicted to be
relatively insensitive to nickel content in the range 5–10 %, but shifting
to shorter times from 10 to 14 % nickel. This shift is due to the in-
creased mobility of chromium that results in the earlier appearance of
the self-healing phase.
The relationship between NDOS and the proposed definition of the
depletion parameter was obtained without considering any composition
based empirical correlations like those that have been suggested earlier
[17,18]. This has been possible by using the precipitation and diffusion
modules in Thermo-Calc that take into account multicomponent effects
in nucleation and diffusion to predict chromium concentration profiles
away from grain boundaries. The approach used can thus be extended
to obtain the sensitization behavior of any austenitic stainless steel and
to critically understand the influence of each alloying element on the
development of sensitization and self-healing. Using the model, NDOS
as a function of temperature can be calculated which allows the gen-
eration of Time - Temperature - Sensitization (TTS) diagrams and cab
be used as tools in the prediction of sensitization during isothermal heat
treatments.
The current approach was used to explore the possible validity of
using the effective chromium concentration Cr* and Creff as described in
Eqs. 1 and 2 respectively to predict sensitization. However, using Eq. 8
Fig. 9. NDOS predicted from the model extension with changes in (a) carbon, (b) chromium and (c) nickel and keeping all the other alloying elements constant and
when the material is heat treated at 820 °C.
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to predict the time to reach 5 % NDOS in the alloys Fig. 9(b–d) showed
that it was unattainable to obtain any correlation involving Cr* and
Creff. The formula for Creff is mainly based on a narrow range of com-
positions covered by 304 and 316 stainless steels and temperatures
ranging from 600 to 700 °C. Nevertheless, when the range is extended
to give Creff values ranging from 5 to 18 and temperatures ranging from
500 to 820 °C, no correlation is predicted to exist. As shown above, the
reason is that the phenomena controlling sensitization cannot be com-
pressed into a simple composition parameter.
5. Conclusions
The sensitization and self-healing of 301 austenitic stainless steels
having chemical compositions in the range 0.02 C, 16.80 Cr, 6.36 Ni to
0.10 C, 18.14 Cr, 12.39 Ni heat treated in the temperature range
550–820 °C has been studied experimentally with the help of DL-EPR
testing. Results were normalized to compensate for variations in grain
size between the various compositions. Transmission electron micro-
scopy was used to identify the M23C6 carbides and the chromium
concentrations at the M23C6 carbide - austenite matrix interface. It is
shown that a chromium depletion parameter based on chromium con-
centration profiles calculated using Thermo-Calc DICTRA and Prisma
software can be used to rather successfully predict both sensitization
and self-healing kinetics. Deviations of predicted from experimental
values can be attributed to the appearance of intragranular M23C6 car-
bides that were not accounted for in the one-dimensional DICTRA
model. Applying the model to study the effects of individual alloying
elements indicated that an increase in carbon and nickel contents in-
creases the sensitization kinetics owing to an increased driving force for
grain boundary carbide precipitation and an increase in the activity of
carbon at the carbide - matrix interface. The model also predicted that
sensitization kinetics become slower when the chromium content ex-
ceeds 16 wt.% as a result of increased chromium activity at the inter-
face and increased chromium mobility in the austenite matrix.
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